Recent evidence suggests that subsets of lung fibroblasts differentially contribute to fibrogenic progression. We have previously shown that a subset of rat lung fibroblasts with fibrogenic characteristics [Thy-1 (؊) fibroblasts] responds to stimuli (bleomycin, interleukin-4, etc) with increased latent transforming growth factor (TGF)-␤ activation, whereas non-fibro- 
Excessive transforming growth factor (TGF)-␤ activity is central to the development of pulmonary fibrosis. [1] [2] [3] TGF-␤ is initially synthesized as an inactive latent molecule (termed the small latent TGF-␤ complex or SLC), which consists of an N-terminal pro-domain, the latency associated peptide (LAP), and a C-terminal mature TGF-␤ domain (active TGF-␤). 4, 5 During posttranslational processing, the LAP and mature TGF-␤ domains are cleaved by the endopeptidase furin, but the two peptides remain non-covalently associated. 6, 7 The association of the mature domain with LAP prevents mature TGF-␤ from binding to its cell surface receptors. 5, 8 Activation of latent TGF-␤, which involves either the release of the mature domain from the latent complex or the exposure of mature TGF-␤ as a consequence of alterations in the structure or folding of the latent complex, is required for TGF-␤ signaling.
Expression of latent TGF-␤1 protein is insufficient to stimulate pulmonary fibrosis. Rats treated with recombinant adenovirus expressing constitutively active TGF-␤1 developed lung fibrosis, but not rats treated with adeno-virus expressing latent TGF-␤1. 9 Previously we showed that a subset of lung fibroblasts, which are localized to fibroblastic foci in the lungs of patients with idiopathic pulmonary fibrosis, 10 have an increased capacity to activate latent TGF-␤ in response to fibrogenic stimuli as compared with a non-fibrogenic fibroblast subset, which predominates in the normal lung interstitium. 11 The fibrogenic subset is characterized by a lack of expression of Thy-1 (CD90), a glycosyl phosphatidylinositol-anchored glycoprotein. These Thy-1 (Ϫ) lung fibroblasts exhibit increased motility, contractility, and expression of myofibroblastic characteristics as compared with Thy-1 (ϩ) cells. [12] [13] [14] [15] [16] TGF-␤ bioavailability is regulated by complex factors, including agents that control activation, synthesis and processing, and deposition in the extracellular matrix (ECM). 17 Latent TGF-␤ binding proteins (LTBP-1, -2, -3, and -4) are a family of fibrillin-like molecules that contain multiple unique 8-cysteine repeats and multiple EGF-like domains. LTBP-1, -3, and -4 are covalently linked to the small latent TGF-␤ complex through a pair of cysteine residues in the N-terminal region of LAP and the third 8-cysteine repeat in LTBP to form the large latent TGF-␤ complex (LLC).
18 -21 LTBP-2 does not bind to the SLC. 22 In addition, a number of splice variants have been identified for each of the LTBPs. 23 However, specific functions for individual LTBP splice variants are not known.
Besides acting as matrix components, LTBPs have important functions in the regulation of TGF-␤ bioavailability and activity. LTBPs facilitate latent TGF-␤ secretion, mediate latent TGF-␤ targeting to the ECM for storage, and regulate latent TGF-␤ activation. 19,24 -26 Anti-LTBP-1 antibodies block latent TGF-␤ activation in both in vitro cocultures of endothelial cells and smooth muscle cells and in ex vivo collagen gel cultures of embryonic heart. 27, 28 Integrin ␣ v ␤ 6 -mediated epithelial TGF-␤ activation requires LTBP-1 interaction with fibronectin in the extracellular matrix. 29 A recent study shows that LTBP-1 is one of the essential components of the ECM-integrin-cytoskeleton machinery involved in myofibroblast contraction-induced latent TGF-␤1 activation. 30 Hypomorphic LTBP-4 mice develop severe pulmonary emphysema, cardiomyopathy and colorectal cancer, conditions associated with deficient TGF-␤ activation. 31 Lung fibroblasts isolated from these mice exhibit decreased active TGF-␤, but increased total TGF-␤, as compared with wild-type lung fibroblasts, 32 suggesting that decreased LTBP-4 impairs TGF-␤ activation. Despite prior evidence that lack of LTBP-4 expression is associated with reduced TGF-␤ signaling in the lung, there have been no studies that demonstrate that LTBP-4 is increased in the fibrotic lung or studies that establish a critical role for LTBP-4 in the process of lung fibrogenesis.
In this study, we provide evidence from both in vitro and in vivo systems establishing the importance of LTBP-4 expression and its binding to the small latent TGF-␤1 complex for activation of latent TGF-␤ in a model of lung fibrosis. Studies using a fibrogenic subset [Thy-1 (Ϫ)] of lung fibroblasts showed that the ability of these cells to activate latent TGF-␤ in response to bleomycin is dependent on LTBP-4 expression and its association with the small latent complex. In vivo studies in a bleomycin-induced mouse model of lung fibrosis show that bleomycin upregulates LTBP-4 expression in the lung, both in the interstitium and in inflammatory cells. Furthermore, Thy-1 knockout mice with exacerbated lung fibrosis have increased LTBP-4 expression as compared with wild-type mice. The enhanced LTBP-4 expression in Thy-1 knockout mice is associated with increased latent TGF-␤ activation as well as Smad3-dependent TGF-␤ signal transduction. Together, these studies suggest that LTBP-4 is a key factor regulating latent TGF-␤1 bioavailability and activation in lung fibrogenesis.
Materials and Methods

Antibodies, Plasmids, and Reagents
A rabbit polyclonal antibody (#33-4) against a peptide in the fourth 8-cys repeat of LTBP-4, 33 and H-293, a rabbit polyclonal antibody against the N-terminus of LTBP-4 (Santa Cruz Biotechnology, Santa Cruz, CA), were used for Western blotting and immunohistochemical staining, respectively, for LTBP-4 analyses. Ab39, a rabbit antiserum against LTBP-1, was a gift from Dr. Carl-Henrik Heldin (Ludwig Institute for Cancer Research, Uppsala, Sweden). 24 Anti-LTBP-3 antibody (anti-L3C) has been described previously. 34 No cross-reactivity was found among antibodies specific for LTBP-1, LTBP-3, and LTBP-4. Goat anti-LAP(␤1) antibody and neutralizing antibodies against TGF-␤1, TGF-␤2, TGF-␤3, and TGF-␤1, 2, and 3 were purchased from R&D Systems (Minneapolis, MN). Anti-Flag and anti-␣-smooth muscle actin antibodies were purchased from Sigma (St. Louis, MO). Anti-phosphoSmad3 antibody (Ser423/425) was purchased from Cell Signaling (Beverly, MA). Anti-hemagglutinin (HA) antibody and anti-␤ tubulin antibody were purchased from Santa Cruz Biotechnology.
Both the full length human LTBP-4 cDNA and the mutated splice variant LTBP-4 cDNA lacking the third 8-cysteine repeat (LTBP-4⌬8-cys 3rd ) were cloned into the expression vector pEFIRES-P. 35, 36 The cDNA encoding the third 8-Cys repeat of LTBP-4 (L4ECR3E) was cloned into the pcDNA3HA expression vector and expressed as a HAtagged fusion protein. 37 A pEF6/V5 vector expressing Flagtagged small latent TGF-␤1 complex (pFlag-SLC) was constructed as described previously. 38 Recombinant human TGF-␤1 was from R&D Systems. LTBP-4 specific siRNAs (ID 00063593 and ID 0063594) and puromycin were from Sigma. Bleomycin sulfate was from Calbiochem (San Diego, CA). G418 was from ICN Biomedicals (Aurora, Ohio). Zeocin was from Invitrogen (Carlsbad, CA). Luciferase 1000 Assay System was from Promega (Madison, WI).
Cell Culture, Transfection, and Treatment
Rat lung fibroblasts stably expressing murine Thy-1.2 cDNA (Thy-1 positive) and empty vector-transfected control cell line (Thy-1 negative) were generated as described previously. 11, 12 Cells were maintained in F12K media (Cellgro Herndon, VA) containing 10% PBS and veloped previously. 31 Lung fibroblasts isolated from hypomorphic LTBP-4 mice were maintained in Dulbecco's Modified Eagle's Medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum and 1% penicillinstreptomycin. 31 Transfection of plasmids into lung fibroblasts was performed with a Nucleofector device (Amaxa, Inc., Cologne Germany) following the manufacturer's instructions. All transfections were performed with the combination of cell line Nucleofector Kit R and program O-017. Cell lines stably expressing LTBP-4 were selected with puromycin (2 to 5 g/ml). For bleomycin and TGF-␤ neutralizing antibody treatment, cells were grown to 70% to 80% confluence and rendered quiescent in F12K or DMEM with 0.1% fetal bovine serum for 48 hours and in serum-free media for 2 hours. After removal of quiescing media, fresh serum-free media was added in the presence of 0.5 g/ml of bleomycin, anti TGF-␤1, -2, -3 (1 g/ml), anti TGF-␤1 (0.2 g/ml), anti TGF-␤2 (0.1 g/ml) and anti TGF-␤3 (2 g/ml) neutralizing antibodies and incubated for 24 to 72 hours.
Preparation of Conditioned Media and Plasmin-Digested Extracellular Matrix
The culture supernatants (30 ml) from 150 mm plates were harvested and centrifuged at 1500 rpm for 10 minutes at 4°C to remove cell debris. Cell-free conditioned media (CM) was concentrated to 300 l (100ϫ) with Amicon Ultra-15 10,000 MWCO Centrifugal Filter Devices (Millipore, Bedford, MA). Protein concentration was determined using the Bio-Rad (Richmond, CA) protein assay. The concentrated CM was aliquoted in siliconized tubes and stored at Ϫ80°C until used. For preparation of the ECM, cell plates were washed twice with PBS and covered with 1 ml of ice-cold lysis buffer (50 mmol/L TrisHCl at pH 7.2, 150 mmol/L NaCl, 1% NP-40, 0.5% sodium deoxycholate). The plates were scraped with rubber policemen. Deoxycholate-insoluble pellets were collected by centrifugation at 14,000 rpm for 10 minutes. The pellets were washed twice with 1 ml PBS and digested with plasmin (0.2 CU/ml) in 150 l of matrix digestion buffer (PBS containing 1 mmol/L Ca 2ϩ , 1 mmol/L Mg 2ϩ , and 0.1% n-octyl-D-␤-glycopyranoside) at 37°C for 1 hour. Proteins released by plasmin digestion were obtained by centrifugation and collection of the supernatant. These preparations contain proteins derived from the highly cross-linked, SDS-insoluble extracellular matrix. 19 
Northern Blotting and Reverse Transcription-PCR
Total cellular RNA was isolated with TRIzol reagent (Invitrogen). Fifteen g of total RNA was denatured and fractionated in 1.2% formaldehyde agarose gels and transferred to Hybond N ϩ membrane for 16 hours. Verification of equal loading was achieved by comparison of 28S rRNA intensities after staining by ethidium bromide. After alkali fixation for 5 minutes, the blots were hybridized with a human LTBPϪ4 probe 36 labeled with [␣-32 P]-dCTP (Amersham). Hybridization was performed at 42°C for 16 hours in the ULTRAhyb Hybridization Buffer (Ambion). After washing, membranes were exposed to X-ray film (Kodak) for varying lengths of time. For reverse transcription (RT)-PCR, the first strand cDNA was synthesized by using Cells-to-cDNA II kit (Ambion). A pair of human LTBP-4-specific primers (forward: 5Ј-GCTGT-TCGCTGCCCATTCTG-3Ј, reverse: 5Ј-AGGGTACGAG-GCTGGCTGAGT-3Ј) were used to identify transcriptional expression, specifically of human LTBP-4 in rat lung fibroblasts. These primers do not amplify rat LTBP-4 due to the mismatches between the rat and human sequences at the primer 3Ј terminals. PCR was performed in a Mastercycler Personal (Eppendorf) with a standard protocol.
Western Blotting
Equal amounts of protein were loaded onto SDS-polyacrylamide gels under non-reducing conditions. After electrophoresis, the proteins were electrophoretically transferred from the gels to nitrocellulose at 100 V for 3 hours at 4°C. Membranes were blocked in casein solution (1% casein, 25 mmol/L Na 2 HPO 4 , pH 7.1) for 1 hour at room temperature. Membranes were incubated with primary antibodies diluted in TBS-T and casein solution (1:1): #33-4 at 1:300, 33 H-293 at 1 g/ml, Ab39 at 1:1000, 24 anti-L3C at 1:5000, 34 anti LAP(␤1) at 0.02 g/ml, and anti-␤-tubulin at 0.1 g/ml for 18 hours at 4°C. After extensive washing, membranes were incubated with appropriate peroxidase-conjugated secondary antibodies (0.1 g/ml) diluted in TBS-T for 1 hour at room temperature. Immunodetection was performed by chemiluminescence.
Immunoprecipitation
The binding of LTBP-4 to the SLC in the conditioned media of Thy-1 (Ϫ) rat lung fibroblasts was determined by immunoprecipitation with anti-LAP(␤1) (300 g/ml) antibody followed Western blotting analysis with anti-LTBP-4 antibody (1 g/ml). Immunoprecipitation was performed with ProFound Co-Immunoprecipitation Kit (Pierce, Rockford, IL) according to the manufacturer's instructions.
To detect interactions between the third 8-cysteine repeat of LTBP-4 and the SLC, the ECR3E-HA plasmids 37 (2 g) were co-transfected with pFlag-SLC (2 g) into hypomorphic LTBP-4 lung fibroblasts with a Nucleofector device (Amaxa, Inc., Cologne, Germany). Transfected cells were cultured in DMEM media supplemented with 10% fetal bovine serum for overnight. Cells were then washed twice with serum-free DMEM and were further cultured in serum-free DMEM for 48 hours. Conditioned media was collected and subjected to immunoprecipitation with Anti-HA Immunoprecipitation Kit (Sigma, St. Louis, MO) according to the manufacturer's instructions.
siRNA Knockdown of Rat LTBP-4
Two duplex oligo siRNAs specific to rat LTBP-4 (Sigma, St. Louis, MO) and Silencer Negative Control siRNA (Ambion, Austin, TX) were transfected into Thy-1 (Ϫ) rat lung fibroblasts at a final concentration of 50 nmol/L for each with a Nucleofector device as described above. 24 hours after transfection, cells were switched to serum free media and cultured further for 48 hours. Knockdown effect was determined by the levels of LTBP-4 protein in the conditioned media with immunoblotting analysis. To treat the transfected cells with bleomycin, transfected cells were rendered quiescent in serum free media for 24 hours. Bleomycin was added at a final concentration of 0.5 g/ml and incubated with cells for 24 hours.
Bioassay of TGF-␤ Activity
TGF-␤ activity was determined by the plasminogen activator inhibitorϪ1 promoter luciferase reporter assay. 39 Mink lung epithelial cells stably expressing the firefly luciferase reporter gene under the control of the TGF-␤-response element of plasminogen activator inhibitorϪ1 promoter were plated in 24-well plates at a density of 2.5 ϫ 10 5 cells/well with DMEM containing 10% fetal bovine serum, 2 mmol/L L-glutamine, 1% penicillin-streptomycin, and 200 g/ml G418. Cells were allowed to attach for 4 hours and washed with serum-free media. For measurement of active TGF-␤ from conditioned media or bronchoalveolar lavage (BAL) fluid, 0.5 ml fresh conditioned media or BAL fluid were directly added to each well. For assay of total TGF-␤, 0.05 ml conditioned media or BAL fluid were first heat-activated for 3 minutes at 100°C, mixed with 0.45 ml serum-free media, and a final volume of 0.5 ml medium was incubated with reporter cells for 18 hours at 37°C. Mink lung epithelial cell lysates from each well were prepared using reporter lysis buffer (Promega, Madison, WI). Luciferase activity was measured as relative light units, using an Orion Microplate Luminometer from Berthold (Pforzheim, Germany), and converted to TGF-␤ activity (picomoles) using a standard curve generated by human recombinant TGF-␤1.
In Vivo Mouse Experiments: Bleomycin Administration, Bronchoalveolar Lavage, and Lung Tissue Fixation
Bleomycin was administered to 8 to 10-week-old female Thy-1 knockout (C57BL/6) mice and wild-type mice as described previously. 40 Briefly, bleomycin (100 mg/kg body weight) or an equal volume of normal saline was placed into an osmotic minipump (Model 2001; Alza Corp., Palo Alto, CA) and implanted subcutaneously into the back, slightly posterior to the scapulae. The pump delivered bleomycin at a constant rate of 1 l/hr for 7 days and induced lung fibrosis. Mice were sacrificed at day 8 and day 14. Mouse lungs were lavaged with serumfree DMEM while under anesthesia just before sacrifice. The BAL fluid was centrifuged at 400 ϫ g for 5 minutes at 4°C. The supernatants were used for Western blotting analysis and TGF-␤ bioactivity assay. The lungs were inflated and fixed in 10% formalin, and embedded in paraffin for immunohistochemical analysis.
Immunohistochemistry and Morphometric Analysis
Lung tissue blocks were cut in 5 m sections. Antigen unmasking was performed by immersing slides in 10 mmol/L sodium citrate buffer (pH 6.0) and heating at 100°C for 10 minutes. Sections were blocked with 5% normal goat serum and stained with the following antibodies: rabbit anti-LTBP-4 (H-293) at 4 g/ml, rabbit anti-human phosphoSmad3 at 1 g/ml and with equal concentrations of the corresponding non-immune IgG controls. Endogenous peroxidase activity was quenched with 3% H 2 O 2 . Staining was developed with biotinylated secondary antibodies, streptavidin-peroxidase and 3-amino-9-ethylcarbazole chromogen (Vector Laboratories, Burlingame, CA). Images were obtained with a Spot Insight CCD camera and MetaMorph software version 6.2 r4 (Universal Imaging Corp., Downington, PA). Digital image quantification for LTBP-4 and phospho-Smad3 staining was performed as described previously. 10 Background in sections treated with non-immune serum was used to define threshold. Positive pixels were expressed as a percentage of total tissue area, averaged over six random fields.
Densitometry and Statistical Analysis
Images were scanned and bands were quantified by Scanalytic's One-Dscan version 1.31. Fold increases in LTBP-4 mRNAs were normalized to 28S ribosomal RNAs. Fold increases or decreases in LTBP-4 protein were normalized to LTBP-3 protein. Statistical differences among treatment conditions were determined using one way analysis of variance (Newman-Keuls method for multiple comparisons). The analysis was performed with SigmaStat 3.0 software (SPSS Inc. Chicago, IL). Values of P Ͻ 0.01 or P Ͻ 0.05 were considered significant.
Results
Bleomycin-Induced Latent TGF-␤ Activation by Thy-1 (Ϫ) Lung Fibroblasts is Specific to Latent TGF-␤1
Previously, we showed that Thy-1 (Ϫ) rat lung fibroblasts respond to bleomycin with increased TGF-␤ activation, whereas Thy-1 (ϩ) rat lung fibroblasts do not. 11 In this study, we determined which specific TGF-␤ isoform was activated by Thy-1 (Ϫ) rat lung fibroblasts in response to bleomycin. Quiescent Thy-1 (Ϫ) rat lung fibroblasts were treated with bleomycin in the presence or absence of pan-specific or isoform-specific anti-TGF-␤ neutralizing antibodies for 24 hours. CM was collected and assayed for both active and total TGF-␤. Results showed that bleomycin treatment increased active TGF-␤ whereas total TGF-␤ was not changed, indicating that bleomycin increases TGF-␤ activation. Addition of anti-TGF-␤1 or pan-specific anti-TGF-␤1, 2, 3 neutralizing antibodies blocked bleomycin-induced increases in active TGF-␤, whereas anti-TGF-␤2 or anti-TGF-␤3 neutralizing antibodies did not reduce TGF-␤ activity ( Figure 1) . These results suggest that the TGF-␤1 isoform is the primary isoform activated by Thy-1 (Ϫ) lung fibroblasts.
Bleomycin Up-Regulates LTBP-4 Expression by Thy-1 (Ϫ) Rat Lung Fibroblasts, Resulting in an Increase in Large Latent TGF-␤1 Complex in the Conditioned Media
Since LTBPs are key factors regulating both TGF-␤ bioavailability and activation, we investigated whether LTBPs are involved in bleomycin-induced TGF-␤1 activation by Thy-1 (Ϫ) rat lung fibroblasts. Thy-1 (Ϫ) and Thy-1 (ϩ) rat lung fibroblasts were made quiescent and stimulated with 0.5 g/ml bleomycin for 72 hours. Immunoblot analyses were performed to determine LTBP-1, LTBP-3, LTBP-4, and LAP•TGF-␤1 levels in the CM and the ECM at baseline and in response to bleomycin. Under basal conditions, Thy-1 (Ϫ) lung fibroblasts expressed higher levels of LTBP-4 protein in both the CM and the ECM than Thy-1 (ϩ) lung fibroblasts. Bleomycin treatment increased LTBP-4 protein levels in the CM as well as in the ECM by Thy-1 (Ϫ) lung fibroblasts. In contrast, bleomycin induction of LTBP-4 protein was not evident in Thy-1 (ϩ) lung fibroblasts. In parallel with LTBP-4, Thy-1 (Ϫ) fibroblasts expressed higher levels of TGF-␤1 LLC in the CM than did Thy-1 (ϩ) lung fibroblasts under basal conditions. Bleomycin treatment further increased levels of soluble TGF-␤1 LLC protein by Thy-1 (Ϫ) lung fibroblasts ( Figure 2A, left panel, boxed) .
In contrast, bleomycin increased LTBP-1 and TGF-␤1 LLC levels in the ECM of Thy-1 (ϩ) lung fibroblasts (Figure 2A, right panel, boxed) . Expression of LTBP-1 in the CM and expression of LTBP-3 in the CM and the ECM were equivalent between Thy-1 (Ϫ) and Thy-1 (ϩ) lung fibroblasts under both basal and bleomycin-stimulated conditions (Figure 2A) . Relative mRNA levels were determined by scanning densitometry of the blots and normalized to 28S rRNA levels. The level of LTBPϪ4 mRNA from Thy-1 (ϩ) fibroblasts in the absence of bleomycin treatment was set at 1.
Gel electrophoresis under non-reducing conditions showed that LTBP-4 co-migrated with TGF-␤1 LLC in the CM, suggesting that soluble TGF-␤1 LLC might be LTBP-4-bound (Figure 2A) . To confirm this, we immunoprecipitated the CM from Thy-1 (Ϫ) and Thy-1 (ϩ) lung fibroblasts with anti-LAP(␤1) antibody. The immunoprecipitated proteins were subjected to immunoblot analysis with anti-LTBP-4 antibody. Results showed that anti-LAP(␤1) antibody pulled down a LTBP-4 fragment from the CM of Thy-1 (Ϫ) lung fibroblasts. Bleomycin treatment increased the amount of this fragment by Thy-1 (Ϫ) lung fibroblasts ( Figure 2B) . The molecular mass of immunoprecipitated LTBP-4 is about 70 kDa, which is consistent with the mass of the TGF-␤1 LLC (ϳ180 kDa: ϳ70 kDa LTBP-4 fragment plus ϳ100 kDa LAP•TGF-␤1) observed in the CM of Thy-1 (Ϫ) lung fibroblasts (Figure 2A) . In contrast, anti-LAP(␤1) antibody failed to pull down LTBP-4 from the CM of Thy-1 (ϩ) lung fibroblasts. These data suggest that LTBP-4 binds to the small latent TGF-␤1 complex and regulates secretion of the large latent TGF-␤1 complex by fibrogenic lung fibroblasts in response to bleomycin.
To determine whether bleomycin up-regulates LTBP-4 gene expression, Thy-1 (Ϫ) and Thy-1 (ϩ) rat lung fibroblasts were made quiescent and stimulated with 0.5 g/ml bleomycin for 24 hours. Northern blotting analyses showed that Thy-1 (Ϫ) lung fibroblasts had higher levels of LTBP-4 message than Thy-1 (ϩ) lung fibroblasts at baseline. Bleomycin treatment resulted in approximately a 25-fold increase in LTBP-4 mRNA levels in the Thy-1 (Ϫ) fibroblasts, whereas Thy-1 (ϩ) fibroblasts exhibited only a seven-fold increase in LTBP-4 mRNA, which is nearly equivalent to mRNA levels of basal Thy-1 (Ϫ) cells ( Figure 2C ). These data suggest that bleomycin up-regulates LTBP-4 gene expression by fibrogenic Thy-1 (Ϫ) lung fibroblasts, but to a highly attenuated extent in the non-fibrogenic Thy-1 (ϩ) fibroblasts.
Knockdown of LTBP-4 Abrogates Bleomycin-Induced TGF-␤1 Activation by Thy-1 (Ϫ) Rat Lung Fibroblasts
Since bleomycin up-regulates LTBP-4 expression by Thy-1 (Ϫ) lung fibroblasts and previous studies showed that lung fibroblasts isolated from hypomorphic LTBP-4 mice had decreased TGF-␤ activation, 32 we investigated whether LTBP-4 is involved in bleomycin-induced TGF-␤1 activation. We used a siRNA-based approach to knockdown LTBP-4 expression in Thy-1 (Ϫ) rat lung fibroblasts. LTBP-4 siRNA treatment decreased LTBP-4 expression at baseline by 82% and inhibited bleomycin-induced increase in LTBP-4. Treatment with irrelevant negative control siRNA did not affect LTBP-4 expression. The knockdown effect was LTBP-4-specific, since LTBP-4 siRNA did not influence levels of LTBP-1, LTBP-3, or ␤-tubulin expression. Knockdown of LTBP-4 resulted in decreased secretion of large latent TGF-␤1 complex at baseline and in response to bleomycin ( Figure 3A) . Assay of TGF-␤ activity showed that control siRNA-transfected Thy-1 (Ϫ) rat lung fibroblasts responded to bleomycin treatment with increased active TGF-␤. Total TGF-␤ was not changed. When LTBP-4 siRNA-transfected Thy-1 (Ϫ) rat lung fibroblasts were treated with bleomycin, neither active TGF-␤ nor total TGF-␤ was increased ( Figure 3B ). These data suggest that knockdown of LTBP-4 abrogates the ability of Thy-1 (Ϫ) rat lung fibroblasts to activate TGF-␤1 in response to bleomycin.
Thy-1 (Ϫ) Lung Fibroblasts Isolated from Hypomorphic LTBP-4 Mice Lose the Ability to Activate TGF-␤1 in Response to Bleomycin; Transfection of Human LTBP-4 into Hypomorphic Lung Fibroblasts Restores Bleomycin-Induced TGF-␤1 Activation
To further determine whether LTBP-4 is required for bleomycin-induced TGF-␤1 activation, we used lung fibroblasts isolated from hypomorphic LTBP-4 mice and wildtype mice and tested their abilities to activate latent TGF-␤1 in response to bleomycin. A previous study showed that lung fibroblasts isolated from hypomorphic LTBP-4 mice do not express detectable levels of either 32 Fluorescence-activated cell sorting analysis showed that 80% of lung fibroblasts isolated from hypomorphic LTBP-4 mice and 89% lung fibroblasts isolated from wild-type mice are Thy-1 negative ( Figure 4A) . Bleomycin treatment induced an increase in active TGF-␤ by wild-type lung fibroblasts, whereas total TGF-␤ was not changed, indicating that latent TGF-␤ was activated by bleomycin. However, when hypomorphic LTBP-4 lung fibroblasts were treated with bleomycin, neither active nor total TGF-␤ was changed ( Figure 4B ). These findings confirm that LTBP-4 deficiency abrogates the ability of Thy-1 (Ϫ) lung fibroblasts to activate latent TGF-␤1 in response to bleomycin. Consistent with the finding from rat lung fibroblasts, anti-TGF-␤1 neutralizing antibody, but not anti-TGF-␤2 or anti-TGF-␤3 neutralizing antibodies, blocked bleomycin-induced TGF-␤ activation, suggesting that bleomycin preferentially activates the TGF-␤1 isoform in mouse lung fibroblasts ( Figure 4B ).
To determine whether exogenous expression of functional LTBP-4 restores bleomycin-induced TGF-␤1 activation by hypomorphic LTBP-4 lung fibroblasts, pE-FIRESLTBP-4, a construct expressing the full length human LTBP-4, was transfected into hypomorphic cells and a stable cell line expressing LTBP-4 was established. Meanwhile, cells transfected with the empty vector were established as a control ( Figure 4C ). On treatment with bleomycin, hypomorphic lung fibroblasts expressing LTBP-4 responded with an increase in active TGF-␤. Total TGF-␤ was not changed. As expected, neither active nor total TGF-␤ was changed in empty vector-transfected control cells. Furthermore, addition of anti-TGF-␤1 neutralizing antibody, but not anti-TGF-␤2-or anti-TGF-␤3-neutralizing antibodies, blocked bleomycin-induced TGF-␤ activation by LTBP-4-expressing hypomorphic fibroblasts ( Figure 4C) . Together, these data suggest that restoration of LTBP-4 expression is sufficient to rescue the ability of hypomorphic LTBP-4 mouse lung fibroblasts to activate TGF-␤1 in response to bleomycin.
LTBP-4-Regulated Latent TGF-␤1 Activation Requires its Binding to the Small Latent TGF-␤1 Complex
LTBP-4 binds to the small latent TGF-␤1 complex through its third 8-cysteine repeat. 22 To determine whether LTBP-4 binding to the small latent complex is important for LTBP-4-regulated TGF-␤1 activation, we transfected a human LTBP-4 splice variant in which the third 8-Cys repeat has been deleted (LTBP-4⌬8-cys 3rd ) into hypomorphic LTBP-4 lung fibroblasts and established a cell line stably expressing LTBP-4⌬8-cys 3rd . Expression of this non-TGF-␤ binding LTBP-4 variant failed to rescue bleomycin-induced latent TGF-␤1 activation by hypomorphic lung fibroblasts ( Figure 5A ). In contrast, hypomorphic lung fibroblasts expressing full length LTBP-4 were able to activate latent TGF-␤. These results suggest that LTBP-4-regulated latent TGF-␤1 activation requires LTBP-4 binding to the small latent complex.
To determine whether binding of the third 8-cysteine repeat domain to the small latent complex is sufficient for TGF-␤1 activation, LTBP-4 hypomorphic lung fibroblasts were transfected with a construct expressing the third 8-cysteine repeat of LTBP-4 as an HA tagged fusion protein (L4ECR3E). 37 Expression of the L4ECR3E-SLC binding domain alone was not sufficient for TGF-␤ activation ( Figure 5B) . The ability of L4ECR3E to bind LAP(␤1) was confirmed by immunoprecipitation and immunoblot analyses of conditioned media from LTBP-4 hypomorphic lung fibroblasts transfected with co-transfection of L4ECR3E and a construct (pFlag-SLC) expressing Flag-tagged small latent TGF-␤1 ( Figure 5B) . Together, these data suggest that the third 8-cysteine repeat of LTBP-4 alone is not sufficient for bleomycininduced TGF-␤1 activation and that activation requires additional LTBP-4 domains.
Overexpression of Non-TGF-␤1-Binding LTBP-4 Abrogates Bleomycin-Induced TGF-␤1 Activation by Thy-1 (Ϫ) Lung Fibroblasts
Normal human lung fibroblasts express both full length LTBP-4 and the non-TGF-␤1-binding LTBP-4⌬8-cys 3rd splice variant. 36 The biological function of the non-TGF-␤1-binding LTBP-4 splice variant is not clear. In this study, we investigated whether overexpression of non-TGF-␤1-binding LTBP-4 affected the ability of Thy-1 (Ϫ) lung fibroblasts to activate latent TGF-␤1. Thy-1 (Ϫ) rat lung fibroblasts were transfected with the LTBP-4⌬8-cys 3rd construct or the corresponding empty vector. Stable cell lines were established by puromycin selection. Expression of the LTBP-4⌬8-cys 3rd splice variant was identified by RT-PCR with a pair of PCR primers specific to the human LTBPϪ4 sequence ( Figure 6A ). Established cell lines were treated with bleomycin for 24 hours. Assay for active and total TGF-␤ in the CM showed that overexpression of LTBP-4⌬8-cys 3rd by Thy-1 (Ϫ) rat lung fibroblasts completely abrogated the ability of cells to activate latent TGF-␤1 in response to bleomycin. In addition, overexpression of LTBP-4⌬8-cys 3rd also decreased active TGF-␤ under basal conditions. However, total TGF-␤ was not changed ( Figure 6B ). These results suggest that increased non-TGF-␤-binding LTBP-4 expression abrogates bleomycin-induced TGF-␤1 activation by Thy-1 (Ϫ) rat lung fibroblasts. 
B:
Hypomorphic lung fibroblasts were transfected with a plasmid expressing HA-tagged third 8-cys repeat of human LTBP-4 (L4ECR3E). Expression of L4ECR3E in the CM was determined by immunoblot analysis with anti-HA antibody under reducing conditions. Transfected cells were made quiescent and cultured in serum-free media in the presence (solid bars) or absence (open bars) of bleomycin for 24 hours. CM was collected and assayed for both active and total TGF-␤. Hypomorphic lung fibroblasts expressing full length L4 (hL4) were used as a control for bleomycin-induced TGF-␤ activation. Results are the means of three separate experiments Ϯ SD, each performed in triplicate. *P Ͻ 0.01. To determine the binding of L4ECR3E to the SLC to form a complex. Hypomorphic lung fibroblasts were cotransfected with HA-tagged L4ECR3E and Flag-tagged SLC. CM were collected and subjected to immunoprecipitation with anti-HA antibody (␣HA). Immunoblotting analysis was performed with either anti-HA antibody or anti-Flag antibody (␣Flag) under non-reducing conditions. Arrowheads indicate L4ECR3E monomer, L4ECR3E dimer, and L4ECR3E-SLC complex.
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Bleomycin Treatment Increases LTBP-4 Expression in Mouse Lung; Thy-1 Knockout Mice Have Higher Levels of LTBP-4 Expression and TGF-␤ Activation than Do Wild-Type Mice
Previous studies showed that Thy-1 knockout (Thy-1Ϫ/Ϫ) mice treated with bleomycin had increased TGF-␤1 activation and developed more severe lung fibrosis as compared with wild-type mice. 10 In this study, we investigated whether LTBP-4 expression correlates with TGF-␤1 activation in vivo in a bleomycin-induced mouse model of lung fibrosis. Bleomycin or saline was administered to Thy-1 knockout mice and to wild-type mice through subcutaneous osmotic minipumps. 40, 41 Bronchoalveolar fluid and lung tissues were collected at day 8 and day 14 when fibroblast activation in bleomycin-induced lung fibrosis model occurs. 42 Consistent with the previous observation of increased TGF-␤ in the lungs of bleomycin-stimulated Thy-1 knockout mice, we also observed increased TGF-␤ signaling in lungs from bleomycin-treated Thy-1 knockout mice. Immunohistochemical staining showed that both knockout and wild-type mice have increased nuclear accumulation of phosphorylated Smad3 in the lungs with bleomycin treatment. Compared with bleomycin-treated wild-type mice, bleomycin-treated Thy-1 knockout mice have a significantly increased number of phosphorylated Smad3 positive nuclei ( Figure 7A) . Assay of active and total TGF-␤ in BAL fluid showed that bleomycin treatment increased levels of active and total TGF-␤ in both wildtype and Thy-1 knockout mice. Compared with wild-type mice, Thy-1 knockout mice had higher levels of active TGF-␤ at baseline and in response to bleomycin ( Figure  7B) . The percent active TGF-␤ in BAL fluid from wild-type mice was 5% at baseline and 26% in response to bleomycin. In contrast, the percent active TGF-␤ in BAL fluid from Thy-1 knockout mice was 24% at baseline and 66% in response to bleomycin. Smad3 phosphorylation and TGF-␤ activation were also examined in mice at day 14 after treatment with saline or bleomycin. Results similar to day 8 were obtained, although both the number of phosphorylated Smad3 positive nuclei and TGF-␤ activation slightly decreased by day 14 as compared with day 8 (data not shown).
To determine whether LTBP-4 is differentially regulated during lung fibrosis in Thy-1 knockout and wild-type mice, LTBP-4 levels in BAL fluid and in lung tissues were evaluated. Immunoblot analyses showed that bleomycin treatment increases levels of LTBP-4, the large latent TGF-␤1 complex and LTBP-1 in the BAL fluid in both Thy-1 knockout and wild-type mice. Bleomycin-treated knockout mice (day 8) have ϳ threefold higher levels of LTBP-4 and TGF-␤1 LLC, but not LTBP-1, as compared with bleomycin-treated wild-type mice ( Figure 7C ). Consistent with the data from cultured lung fibroblasts ( Figure  2A) , LTBP-4 co-migrated with LAP(␤1) in BAL fluid and the molecular mass of TGF-␤1 LLC was ϳ180 kDa. These data suggest that bleomycin increases LTBP-4 expression in mouse lungs, which is associated with an increase in TGF-␤1 LLC expression. Immunohistochemical analyses showed that both saline-treated wild-type and Thy-1 knockout mice have weak LTBP-4 staining in the alveolar walls and the vasculature. Bleomycin treatment increased LTBP-4 staining in both wild-type and knockout mice: the area staining for LTBP-4 in knockout mice was more than twice that of wild-type mice. Significant increases in LTBP-4 expression were found in both interstitial and inflammatory cells ( Figure 7D ). Sections stained with non-immune rabbit IgG instead of primary antibody were negative (data not shown). LTBP-4 expression at day 14 was comparable to expression at day 8 (data not shown). Together, these data suggest that bleomycin treatment increases LTBP-4 expression in mouse lung, which is associated with increased latent TGF-␤ activation. Compared with wild-type mice, Thy-1 knockout mice have higher levels of LTBP-4 expression and TGF-␤ activation in the lung in response to bleomycin.
Discussion
The major findings in this study are that bleomycin treatment up-regulates LTBP-4 gene expression both in vitro in cultured lung fibroblasts and in vivo in the bleomycininduced mouse model of lung fibrosis. The increased LTBP-4 expression promotes accumulation of soluble LTBP-4-bound large latent TGF-␤1 complex by Thy-1 (Ϫ) fibrogenic lung fibroblasts, resulting in increased TGF-␤1 activation. Furthermore, LTBP-4 regulated TGF-␤1 bioavailability and activation requires the binding of LTBP-4 to the small latent TGF-␤1 complex. These are the first studies to demonstrate the importance of LTBP-4 in the progression of lung fibrosis by interstitial lung fibroblasts.
The regulation of latent TGF-␤ bioavailability and its activation are complex processes, which are known to be influenced by the various LTBP isoforms. There are numerous lines of evidence suggesting that factors that increase latent TGF-␤ bioavailability through release from extracellular matrix storage pools facilitate increased TGF-␤ activity. Recent studies show that BMP1 releases large latent TGF-␤ from the ECM, presumably by cleavage of LTBP-1, facilitating subsequent TGF-␤ activation by Matrix Metalloproteinases (MMPs). 43 Similarly, Membrane Type 1-Matrix Metalloproteinase (MT1-MMP) cleaves ECM-bound LTBP-1 to release the large latent TGF-␤1 complex in PMA-treated endothelial cells. 44 A C-terminal fibrillin-1 fragment encoded by exons 44 to 49 disrupts binding of LTBP-1-bound LLC to microfibrils, resulting in the release of TGF-␤1 and increased Smad2 signaling. 45 These studies suggest that solubilization of LLC from the ECM or prevention of LLC targeting to the ECM contributes to latent TGF-␤ activation. Our current studies support this idea, since the fibrogenic Thy-1 (Ϫ) lung fibroblasts increased soluble LTBP-4-bound large latent TGF-␤1 complex and TGF-␤1 activity in response to the fibrogenic stimulus, bleomycin. In contrast, the nonfibrogenic Thy-1 (ϩ) fibroblasts had no detectable soluble LTBP-4-bound large latent TGF-␤1 complex. Furthermore, disruption of LTBP-4 expression or expression of LTBP-4 lacking the latent TGF-␤ binding domain abrogates the stimulation of increased TGF-␤ activity by bleomycin.
Although solubilization of the LTBP-4 bound latent complex appears critical for latent TGF-␤ activation by Thy-1 (Ϫ) lung fibroblasts, it is not yet known whether LTBP-4 might directly participate in activation of the latent complex or alternately, facilitate its solubility and presentation to known activators. There is evidence that ECMbound LTBPs may actively participate in TGF-␤ activation. In support of this, integrin ␣ v ␤ 6 -regulated TGF-␤ activation has been shown to require ECM-bound LTBP-1 and matrix fibronectin. 29, 46, 47 A recent study suggests that LTBP-1, which is also a component of the ECMintegrin-cytoskeleton mechanotransduction pathway, is essential for lung myofibroblast contraction-induced TGF-␤1 activation. 30 In our current studies, Thy-1 (ϩ) lung fibroblasts respond to bleomycin with increased matrix deposition of LTBP-1 and TGF-␤1 LLC, but not with increased TGF-␤1 activation. A recent study showed that Thy-1 (ϩ) lung fibroblasts have decreased collagen gel contractility as compared with Thy-1 (Ϫ) lung fibroblasts.
14 Furthermore, Thy-1 interacts with cell surface Immunoblot of LTBP-1 was used as a loading control. Relative LTBP-4, LAP(␤1), and LTBP-1 levels were determined by scanning densitometry of the blots. The level of LTBP-4, LAP(␤1), or LTBP-1 from bleomycin-treated wild-type mice was set at 1. *P Ͻ 0.01. D: Paraffin embedded lung sections from saline-or bleomycin-treated wild-type mice and Thy-1 Ϫ/Ϫ mice were stained for LTBP-4 (original magnification ϫ20, ϫ40). Arrowheads indicate representative LTBP-4 staining in lung cells and inflammatory cells (alveolar macrophages). LTBP-4 staining (original magnification ϫ20) was quantified using morphometric analysis as described in Materials and Methods. *P Ͻ 0.01. All data shown in this figure were from mice treated with saline or bleomycin at day 8.
integrins through a RGD-like motif. 48 -50 It is possible that the reduced contractile activity and possible interference of integrin-dependent mechanotransduction signaling pathways due to Thy-1-integrin interactions might account for the non-responsiveness of Thy-1 (ϩ) lung fibroblasts to latent TGF-␤1 activation, despite the presence of LTBP-1 bound latent complex in the extracellular matrix.
Previous studies show that fibroblasts isolated from fibronectin-null mice lack LTBP-1 in the ECM and that disruption of fibronectin matrix assembly by a 70 kDa N-terminal fibronectin fragment remarkably reduces LTBP-1 matrix deposition, 51 suggesting that LTBP-1 incorporation into the ECM requires a fibronectin matrix scaffold. Unpublished observations show that Thy-1 (ϩ) lung fibroblasts form a well-organized fibronectin matrix, whereas the fibronectin matrix formed by Thy-1 (Ϫ) lung fibroblasts is diffuse and poorly-organized (Anne Woods and James Hagood, unpublished data), indicating that Thy-1 (Ϫ) lung fibroblasts are deficient in fibronectin matrix assembly. The abnormal fibronectin matrix scaffold might explain the inability of Thy-1 (Ϫ) lung fibroblasts to respond to bleomycin with increased LTBP-1 and LLC matrix deposition. Furthermore, deposition of LTBP-1 into early ECM precedes deposition of either LTBP-4 or LTBP-3, and LTBP-4 is only deposited into a mature ECM. 52 Thus, the increase in soluble LTBP-4 in stimulated Thy-1 (Ϫ) fibroblasts might also be a consequence of deficient ECM assembly.
LTBP-4-regulated TGF-␤1 activation requires the binding of LTBP-4 to the small latent TGF-␤1 complex. However, the isolated SLC binding motif (the third 8-cysteine domain of LTBP-4) is not sufficient to support TGF-␤1 activation, suggesting that additional LTBP-4 domains of LTBP-4 are needed for correct presentation of the LLC for activation. Interestingly, overexpression of LTBP-4 lacking the TGF-␤ binding domain blocks the ability of Thy-1 (Ϫ) lung fibroblasts to activate latent TGF-␤1. Although the mechanism whereby this non-TGF-␤ binding LTBP-4 variant blocks latent TGF-␤ activation is currently not clear, it is possible that the non-TGF-␤ binding regions of LTBP-4 competitively inhibit interactions necessary for LTBP-4 mediated support of TGF-␤1 activation. In support of this idea, it was recently shown that LTBPs can bind to molecules such as fibronectin and heparan sulfate proteoglycans. 53, 54 In this study, we consistently observed a ϳ180-kDa large latent TGF-␤1 complex in both cultured rat lung fibroblasts and mouse BAL fluid that co-migrates with LTBP-4 in immunoblots run under non-reducing conditions. Immunoprecipitation confirmed that the LTBP bound to the small latent TGF-␤1 complex is LTBP-4. The molecular mass of TGF-␤1-binding LTBP-4 is about 70 kDa, suggesting it is not the full-length LTBP-4 molecule, which would be expected to migrate at ϳ300 kDa. The smaller form of the LTBP-4 is not the result of expression of a truncated LTBP-4 transcript since the LTBP-4 transcript is the full predicted size (5.3 kb). These findings suggest that the soluble LTBP-4 bound to the latent TGF-␤1 expressed by Thy-1 (Ϫ) lung fibroblasts might be a cleaved form of LTBP-4, possibly cleaved from the ECM. Our previous studies showed that bleomycin-induced TGF-␤ activation requires both TSP1 and MMP activity. 11 Current studies are aimed at determining whether MMPs or other proteases, such as BMP1 and plasmin, are involved in LTBP-4 cleavage and release of the soluble TGF-␤ complex.
These in vitro findings are supported by demonstration of increased LTBP-4-associated latent complex in the BAL fluid and tissues of bleomycin-treated mice, an established model of lung fibrosis. Furthermore, Thy-1 (Ϫ) mice with exacerbated lung fibrosis have increased LTBP-4 expression and Smad3 signaling in tissues as compared with wild-type mice. These in vivo findings are consistent with the in vitro studies and support an important role of LTBP-4 in promoting latent TGF-␤ bioavailability and activation in lung fibrosis. Interestingly, robust LTBP-4 expression is seen in both interstitial fibroblasts and in inflammatory cells in mice treated with bleomycin. Expression of LTBP-4 by inflammatory cells has not been reported previously. Inflammatory cells, in particular alveolar macrophages, are a major cellular source of latent TGF-␤1 in the lung. TGF-␤ activation by alveolar macrophages involves interaction of the latent complex with TSP1 bound to its receptor, CD36, and a subsequent cleavage of the TGF-␤•LAP by plasmin. 55 It will be interesting to determine whether LTBP-4 is similarly involved in regulation of TGF-␤1 activation by alveolar macrophages.
The mechanisms by which Thy-1 expressing fibroblasts fail to up-regulate LTBP-4 expression in response to injury are currently not known. A previous microarray analysis has shown that Thy-1 (Ϫ) lung fibroblasts and Thy-1 (ϩ) lung fibroblasts express distinct gene profiles (James Hagood et al, unpublished data), suggesting that cell surface Thy-1 regulates gene expression by lung fibroblasts. It is speculated that LTBP-4 expression might be inhibited by Thy-1-dependent cell signaling. 56 Alternatively, there might be differential epigenetic regulation of LTBP-4 expression, such as DNA methylation of the promoter region, between Thy-1 (Ϫ) and Thy-1 (ϩ) lung fibroblasts. The LTBP-4 promoter is poorly characterized and ongoing studies are aimed at determining whether Thy-1 signaling is involved in regulation of LTBP-4 expression.
In previous studies, immunohistochemical analyses showed that TGF-␤1, -␤2 and -␤3 are ubiquitously expressed in normal lungs from both mice and rats. 57, 58 Consistent with these findings, we showed that total TGF-␤ in the conditioned media from rat and mouse lung fibroblasts contains all three TGF-␤ isoforms. However, our data show that bleomycin-induced TGF-␤ activation is specific to latent TGF-␤1. These observations are consistent with data showing that LTBP-4 interacts with TGF-␤1, but not TGF-␤2 and -␤3 22 and that TGF-␤1 is the primary TGF-␤ isoform involved in fibrotic lung progression. 58, 59 In summary, these studies demonstrate that LTBP-4 is more highly expressed in the fibrotic lung and importantly, they establish a critical role for LTBP-4 in regulating the fibrogenic potential of lung fibroblast subsets through regulating latent TGF-␤1 bioavailability and activation. These studies suggest that interventions targeting
